Escherichia coli strain B was sensitized to the action of y-radiation or ultraviolet ( u.v.) radiation by incorporating 5-bromouracil into the DNA of the bacteria. Most sensitization was observed after U.V. irradiation, less after anoxic y-irradiation and least after aerobic y-irradiation. Incubation of the bacteria for a few hours after irradiation on a nutrient medium which included chloramphenicol generally resulted in extensive restoration of colony-forming ability whether or not the bacteria contained 5-bromouracil. Only after the aerobic y-irradiation of bacteria containing no bromoruacil was little restoration obtained, After aerobic or anaerobic y-irradiation the ' rescue ' of bacteria containing 5-bromouracil was relatively larger than that observed for bacteria containing no bromouracil. Maximum restoration was obtained after U.V. irradiation and this occurred to about the same extent, whether or not bromouracil had been incorporated into the bacteria. The results suggest that treatment with chloramphenicol decreases the expression of radiation-induced lesions which occur in the bacterial DNA; this may account for the mechanism of action of the inhibitor.
INTRODUCTION
It is well known that the amount of lethal radiation damage which is expressed in bacteria is partly dependent on the manner in which the organisms are treated after irradiation. Treatments which modify radiation response do so, in many instances, by affecting the rate of metabolic processes in the irradiated organisms. With Escherichia coli strain B and some of the strains derived from it, the rate of protein synthesis is critical in determining whether or not a considerable proportion of the irradiated bacteria survive as colony formers. Thus, marked restoration of the colony-forming ability of E . coli B after exposure to ultraviolet (u.v.) or ionizing radiation can be effected by incubating the bacteria for the initial period after irradiation with chloramphenicol (Gillies & Alper, 1959) , or by temporarily depriving irradiated auxotrophic strains of E. coli B of an essential amino acid (Gillies, 1961; Forage & Gillies, 1964) . It is believed that this effect is due to the specific inhibition of protein synthesis. On the other hand, Alper (1963) showed that the survival of the radiation-resistant strain E. coli B/r is decreased when it is treated with chloramphenicol after irradiation. The expression of some types of mutational change in bacteria is also dependent on synthesis of protein after irradiation (Witkin, 1956; Doudney & Haas, 1958; Witkin & Theil, 1960) and in general, conditions which slow or completely prevent protein synthesis lead to a decrease in the yield of mutants.
In general, conditions which prevent growth or decrease the rate of growth of Escherichia coti B cause restoration of colony-forming ability of a fraction of the irradiated population (Alper & Gillies, 1958 , 1060 and in broad terms an explanation of the action of chloramphenicol in promoting this restoration can be offered. However, nothing is known about the mechanism by which damage, which would otherwise have developed irreversibly, is removed during a period of arrest of protein synthesis immediately after irradiation. The solution of this problem is hampered by lack of knowledge of the nature of the critical lesions caused by radiations in cells, but there is at least one type of damage induced by U.V. and yradiation which appears to be identifiable with a site or sites in the DNA of cells. This is the additional lesion, first detected by Greer (1960) in U.V. irradiated E . coli 1 5~, which shows up when a fraction of the thymine of the cellular DNA is replaced by the halogenated derivative of thymine, 5-bromouracil (5-BU). It therefore appeared worth while to determine whether or not bacteria which had been sensitized to either U.V. or ionizing radiation by the presence of 5-BU in their DNA could be restored by incubation with chloramphenicol after irradiation. By this approach information seemed likely to be gained about the mode of action of chloramphenicol in restoring the colony-forming ability of irradiated bacteria, and possibly also on the mechanism of the sensitization brought about by 5-BU.
METHODS

Organism.
The strain B of Escherichia coti was the same as that used in previous work (Alper & Gillies, 1958 , 1960 Gillies & Alper, 1959) . It was maintained on slopes of Oxoid nutrient agar stored at 4 ' .
Growth and preparation of bacteria for irradiation.
Bacteria required for experiment were first grown in a minimal medium by subculturing into an inorganic salts glucose medium (Lederberg, 1950) followed by overnight incubation at 37' for 15 hr. Incorporation of 5-bromouracil (5-BU) into the bacteria was effected by inoculating about 4x107 organisms from the overnight culture into 20ml. of a defined medium containing 5-BU in a 100 ml. bottle which was rotated on an angled turntable at 37" for 6 hr. In this way adequate aeration of the culture was obtained; this was essential for rapid growth and for measurable radiation-sensitization of the bacteria to occur. The concentration of the suspension a t the end of the incubation period was about 5x107 bacteria/ml. The composition of the defined growth medium is shown in Table 1 ; it is based upon the medium used by Kaplan, Smith & Tomlin (1962) . It contained 5-BU (75 ,ug./ml.) and also sulphanilamide (0.2 %) to inhibit the action of folic acid which is required for de novo synthesis of thymidylic acid. The control population of bacteria which did not contain 5-BU was grown a t the same time in the same medium except that thymine (75 ,ug./ml.) replaced the 5-BU. The bacteria were harvested by centrifugation, washed twice in ~/ 1 5phosphate buffer (pH 7) and finally resuspended for irradiation in buffer at a concentration of about 6 x lo6 bacterialml. 
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Irradiation of bacteria With y-rays. Bacteria were exposed to radiation from a 6OCo source (Vickers-Armstrong, Mark IV Hotspot Irradiation Unit) in the vessel described previously (Forage & Gillies, 1964) . Either oxygen or oxygen-free nitrogen ('white spot') was bubbled through the suspension as required. The dose rate delivered in the vessel, as measured by ferrous sulphate dosimetry (Miller & Wilkinson, 1952) , was 2.2 krad./min. Irradiations were performed at room temperature. With X-rays. In a few experiments X-rays (190 kV., 3 mA.) from a General Electric X-ray Corporation KX-10 Unit were used. The bacteria were irradiated under controlled gas conditions in the type of vessel described by Alper (1955). The dose rate of unfiltered radiation delivered to the suspension in the vessel was 0.4 krad./min.
With ultraviolet radiation. Ten ml. of the bacterial suspension was placed in an open glass dish (diam. 8.5 cm.) and exposed, at room temperature, to U.V. radiation from a 15 W. Hanovia water-jacketed bactericidal tube which delivered more than 90 % of its radiation at 2537 a. The dish was gently shaken during exposure. The dose rate was 155 ergs/mm.Z/min., as measured with a U.V. sensitive photometer originally calibrated by Dr R. Latarjet.
Treatment of bacteria after irradiation
To determine the effect of temporarily treating bacteria containing thymine (thymine bacteria) and bacteria containing 5-BU (5-BU bacteria) with chloramphenicol, the technique of growing irradiated bacteria on cellophan carriers lying on the incubation medium was used (Alper & Gillies, 1958) . This allowed bacteria to be transferred quickly from one medium to another. Suitable dilutions of the irradiated bacteria were dispensed on cellophan carriers lying on the surface of a series of plates of Oxoid nutrient agar containing chloramphenicol ( 5 pg./ml.), pre-warmed t o 37". The inoculated plates were returned to the incubator, and at intervals a plate was removed and the bacteria transferred on their carriers to fresh pre-warmed plates of Oxoid nutrient agar containing no inhibitor. The macrocolonies which subsequently developed after overnight incubation at 37" were 7-2 IP: 54.70.40.11
On: Sat, 08 Dec 2018 00:09:14 100 N. E. GILLIES counted. Samples of un-irradiated bacteria were treated in the same fashion. The number of macrocolonies which grew after a given treatment was determined as the average count obtained from bacteria seeded on six replicate pieces of cellophan.
Where errors are indicated these represent the 95 yo confidence limits of the colony count.
RESULTS
Under the conditions used the rate of growth of Escherichia coli B, as determined by colony count, was the same for the first 6 hr of incubation whether thymine or 5-BU was included in the sulphanilamide medium ( Fig. 1) . However, after that time the rate of growth of 5-BU bacteria decreased below that of thymine bacteria. This was probably due to the lethal action of high concentrations of 5-BU and possibly also to the inhibition of division as the bacteria accumulated more 5-BU. Since significant radiation-sensitization of the 5-BU bacteria occurred by 6 hr, the bacteria were harvested at that time, and irradiated as a suspension in buffer (pH 7.0).
In Figs. 2 and 3 data are presented on the y-radiation sensitivities of 5-BU and of thymine bacteria irradiated in the presence and absence of oxygen, respectively.
Each point, derived from a separate experiment, represents the surviving fraction of bacteria, on Oxoid nutrient agar containing no chloramphenicol, after exposure to a given dose of y radiation. There was considerable scatter in the experimental points, particularly for thymine bacteria irradiated under oxygen. Difficulty was experienced in maintaining uniform radiation sensitivity over the 2-year period during which the experiments were made. These variations may reflect minor differences in the composition of the batches of sulphanilamide medium used as well as other uncontrolled factors which affect the radiation-sensitivity of bacteria grown in defined media. However the response of the bacteria to the post-irradiation treatments was reproducible, despite these variations in radiation-sensitivity. The lines which have been drawn through the points were fitted by least-square analysis according to the method of Moore & Edwards (1965). The calculated slopes of the lines are shown in Table 2 . Despite the considerable scatter in the experimental points plotted in Figs. 2 and 3, the standard deviations of the calculated slopes are small, being less than 10% in each case, because a large number of observations were used to define the slopes of the lines, The extent of sensitization to y radiation effected by 5-BU was measured by calculating the ratio of the slopes of the survival curves of the thymine and 5-BU bacteria. The oxygen enhancement ratios for 5-BU and thymine bacteria were calculated as the ratios of the slopes of the survival curves obtained after irradiation of the bacteria in the absence and presence of oxygen respectively. These ratios are also included in Table 2 . Table 2 
. Calculated slopes of survival curves for Escherichia coli B exposed to y-radiation in the presence or absence of oxygen
The bacteria were grown in sulphanilamide medium +thymine ( The sensitivity of 5-BU and thymine bacteria to U.V. radiation is illustrated in Fig. 4 , the points being derived from data obtained from a series of separate experiments. The inconsistency in the sensitivity of the thymine bacteria precludes an accurate measure of the sensitization effected by 5-BU, but it appears to be by a factor of at least 2.3.
The response of 5-BU bacteria and thymine bacteria to treatment with chloramphenicol
After y-irradiation under aerobic conditions. The effect of incubating 5-BU or thymine bacteria of Escherichia coli B on nutrient medium containing chloramphenicol for various intervals after aerobic y-irradiation is shown in Fig. 5 . At the times indicated on the abscissa the bacteria on their cellophan carriers were transferred to nutrient medium containing no chloramphenicol. In this particular experiment 5-BU bacteria and thymine bacteria were decreased to approximately the same survival values, before treatment with chloramphenicol, by exposing them to 7.1 krad, and 14-52 krad. of y-radiation respectively, The surviving fraction of thymine bacteria was little affected by incubation with chloramphenicol, whereas treatment of the 5-BU bacteria led t o a fivefold increase in the numbers of bacteria able t o originate colonies, although even then the survival was not as great as that of the untreated thymine bacteria; this is illustrated in Fig. 6 . In this case, the two bacterial populations were each exposed to equal doses of 9 krad. of y-radiation under oxygen. The extent of sensitization by 5-BU is evidenced by the much lower survival of the 5-BU bacteria when plated immediately after irradiation on nutrient medium containing no chloramphenicol. As before, incubation with chloramphenicol afforded a large increase in the survival of the 5-BU bacteria and little or no increase in the survival of the thymine bacteria, but the surviving fraction of 5-BU bacteria after this 'rescuing' treatment still fell short of that of the thymine bacteria. Thus, the restoration brought about by chloramphenicol was relatively more effective in 5-BU bacteria than in thymine bacteria after aerobic y-irradiation. However, in some experiments significant rescue of the thymine bacteria did occur, amounting to a two-/threefold increase in the surviving fraction. In these instances the rescue of 5-BU bacteria treated in parallel was even more extensive. Surviving fraction before treatment with chloramphenicol Fig. 7 . Rescue Indices for Escherichia coli strain B plotted against the surviving fractions obtained when the bacteria had not been incubated with chloramphenicol after aerobic y-irradiation. The definition and the method of calculating the Rescue Index are given in the text. 0 , Containing 5-BU; 0, containing thymine. 0, Grown in sulphanilamide medium + 5-BU before irradiation, incubated on Oxoid nutrient agar + chloramphenicol, after exposure to 16.1 krad. of y-radiation, for the intervals indicated and then transferred to Oxoid nutrient agar. A ---, Grown in sulphanilamide medium + thymine before irradiation; incubated throughout on Oxoid nutrient agar after exposure to 39.8 krad. of y-radiation. A, Grown in sulphanilamide medium + thymine before irradiation; incubated on Oxoid nutrient agar + chloramphenicol, after exposure to 34~8 krad. of y-radiation, for the intervals indicated, and then transferred to Oxoid nutrient agar.
the Rescue Index. The data obtained from a series of experiments have been summarized in Fig. 7 by plotting the calculated Rescue Indices against the survival observed when the bacteria were not treated with chloramphenicol. Both parameters have been plotted on a logarithmic scale to give the results conveniently in one figure. Because of variations in the radiation-sensitivity of the bacteria observed in the experiments it was decided to plot the Rescue Indices against survival without restoration treatment, rather than against the dose of radiation used, as a means of obtaining a more valid comparison of the two populations of bacteria.
Since the surviving fraction of colony formers decreased with increasing exposure to radiation, the yo of killed 5-BU and thymine bacteria which can be restored also decreased; this is indicated by the decrease in Rescue Index as the surviving fraction of the unrescued bacteria decreased. Although there is a large scatter in the points, incubated throughout on Oxoid nutrient agar after irradiation. 0, Grown in sulphanilamide medium + 5-BU before irradiation; incubated on Oxoid nutrient agar + chloramphenicol after irradiation for the intervals indicated and then transferred to Oxoid nutrient agar. A ---, Grown in sulphanilamide medium + thymine before irradiation ;
incubated throughout on Oxoid nutrient agar after irradiation. A, Grown in sulphanilamide medium +thymine before irradiation; incubated on Oxoid nutrient agar + chloramphenicol for the intervals indicated and then transferred to Oxoid nutrient agar. Fig. 10 . Rescue Indices for Escherichia coli strain B plotted against the surviving fractions obtained when the bacteria had not been incubated with chloramphenicol after anaerobic y-irradiation. 0 , Containing 5-BU; 0, containing thymine.
particularly in those relating to thymine bacteria, the majority of the Rescue Indices for the 5-BU bacteria are larger than those for the thymine cells, indicating relatively greater restoration of the 5-BU bacteria. On two occasions treatment of irradiated thymine bacteria with chloramphenicol caused a decrease in survival and therefore no Rescue Index could be calculated in these cases.
After y-irradiation wnder anaerobic conditions. The results from a typical experiment are illustrated in Fig. 8, in which is plotted the survival of thymine and 5-BU bacteria against the time of incubation on nutrient medium containing chloramphenicol. The thymine bacteria were exposed to 34.8 krad. and the 5-BU bacteria to 16.1 krad. y-radiation under anoxia to decrease them to the same degree of survival. Considerable restoration of both thymine and 5-BU bacteria occurred, but the extent of rescue of the 5-BU bacteria was just significantly greater. Figure 9 shows that for bacteria exposed to the same dose of y-radiation under anoxia, the maximum degree of survival of thymine bacteria after treatment with chloramphenicol was higher than that of the 5-BU bacteria, even when the relative extent of restoration of the 5-BU bacteria was greater. After U.V. irradiation. The data presented in Fig. 11 , which are taken from one experiment, indicate that extensive rescue of thymine bacteria and of 5-BU bacteria occurred after treatment with chloramphenicol on a nutrient medium. The two lower curves in Fig. 11 show that when thymine and 5-BU bacteria were exposed to the same dose of U.V. radiation (95 ergs./mm.2), the surviving fractions were 3-66 x and 1-84 x 10-3, respectively, when the cells were not treated with chloramphenicol. After incubation with chloramphenicol for 7 hr the survival of the thymine bacteria increased to 2 . 4 8~1 0 -~ and that of the 5-BU bacteria to 8.13 x10-3. Therefore, the survival of thymine bacteria increased to a greater extent. However, when comparison is made between the effect of chloramphenicol on the thymine bacteria and the 5-BU bacteria decreased to the same survival with 18 ergs./mm.2 of U.V. radiation, as shown in the upper curves of Fig. 11 , the rescue of the 5-BU bacteria was significantly greater. When the Rescue Indices calculated from the data of several different experiments are plotted against survival of unrescued bacteria (Fig. 12) it appears that the restoration by chloramphenicol occurred to about the same extent in both thymine and 5-BU bacteria.
DISCUSSION
The extent of sensitization to y-radiation due to the incorporation of 5-BU into Escherichia coli B was greater when the irradiation was performed under anoxic than under aerobic conditions. Despite the variations encountered in the sensitivity of the bacteria over a long time-interval this is clearly seen in the data presented in Table 2 . These confirm the observation made by Alper & Moore (1964), who worked with the same strain of E. coli B. An examination of the data presented by Kaplan, Zavarine & Earle (1962) suggest likewise that greater sensitization to X radiation was effected by 5-BU in a thymine-deficient strain of E. coli B when it was irradiated in the absence of oxygen than in its presence, the sensitivity ratios being, respectively, 3-03 and 2.07.
It is difficult to estimate the increase in sensitivity of the Escherichia coli B 5-BU bacteria to U.V. radiation because of the variation in sensitivity of the thymine bacteria. However, when measured a t the 10% survival value, the sensitization factor is at least 2.3. Therefore, the sensitization caused by 5-BU is most effective after U.V. radiation and least effective after y-radiation in the presence of oxygen.
Treatment of Escherichia coli B with chloramphenicol for an interval after exposure to y-radiation or U.V. radiation caused an increase to take place in the colonyforming ability of both 5-BU bacteria and thymine bacteria. It was difficult to obtain an exact measure of the effectiveness of chloramphenicol in restoring the irradiated bacteria, but an estimate of the Rescue Index at 10 yo survival was made from the data presented in Figs. 7,lO and 12 . These values are presented in Table 3 and can be used to compare the extent of restoration by chloramphenicol of damage caused under the three conditions of irradiation. Two features are apparent. First, restoration was greatest after U.V. radiation and least after y-radiation in the presence of oxygen in both 5-BU bacteria and thymine bacteria. Secondly, after yradiation the restoration of 5-BU bacteria was relatively greater than that of thymine bacteria. Thus the radiation conditions under which most sensitization by 5-BU occurred were also those after which most restoration with chloramphenicol took place. Therefore it may be that the same type of damage is enhanced by the one agent and restored by the other. Although no direct examination was made of the location of the 5-BU in the E. coli B used here it seems clear from observations by other workers (Greer, 1960;  Kaplan, Smith & Tomlin, 1962) that radiationsensitization only occurs when 5-BU replaces some of the thymine in the DNA. Thus the location of this lesion can be defined and it seems reasonable to suppose that treatment with chloramphenicol decreases the expression of some of this damage in DNA. The dependence of the extent of sensitization by 5-BU and of the amount of restoration effected by chloramphenicol on the conditions under which Escherichia coli B was irradiated can be explained by a model proposed by Alper (1962 Alper ( , 1963 . She concluded from a study of the dependence of the magnitude of the oxygen effect on post-irradiation cultural conditions in E. coli B (Alper & Gillies, 1958;  Alper, 1961) that radiation damage in this strain can be divided into at least two classes, either of which can be lethal to the bacteria; these she called type N and type 0. Type N damage is characterized by being more readily decreased after irradiation by treatment with inhibitors of protein synthesis or by poor growth conditions, for example, The sensitization of the lesion to ionizing radiation by oxygen is small. Type 0 damage, on the other hand, is not modified by post-irradiation treatments and has a much larger oxygen enhancement ratio. Whether a bacterium suffers lethal type 0 or type N damage will depend on the conditions at the time of irradiation, and also on the nature of the post-irradiation growth conditions. Thus a larger proportion of E. coli B will be inactivated as a result of type-0 lesions when they are exposed to ionizing radiation in the presence of oxygen than when irradiated in its absence. Also the proportion of bacteria which suffer lethal type N damage will be decreased when they are placed in conditions after irradiation which decrease the expression of type-N lesions, In U.V. irradiated bacteria, the damage will be largely type N in nature, because no oxygen effect is associated with exposure to U.V. radiation and therefore no type-0 damage will occur. Since U.V. radiation is absorbed principally in the nucleic acids, Alper suggested that type-N damage is located in the nucleic acids. Therefore the presence of 5-BU in DNA would be expected to increase the expression of damage caused by type-N lesions. It would follow that greater sensitization by 5-BU would occur under conditions in which more type N damage is likely to occur. This is borne out by the findings that sensitization of E. coli B by 5-BU was greatest with U.V. radiation, less with anoxic y-radiation when some of the lethal damage is also due to type-0 lesions and least with aerobic y-radiation when the proportion of type-0 lesions is further increased. If treatment with chloramphenicol effects restoration by causing a decrease in the amount of type-N damage but not of type 0 damage which is expressed, then the effectiveness of the chloramphenicol will be greatest after conditions of radiation in which the proportion of lethal type-N damage is largest, i.e. after U.V. irradiation of 5-BU or thymine bacteria. Less restoration of 5-BU bacteria will be observed after anoxic y radiation than after U.V. radiation because a proportion of the lethal damage will be caused by type-0 lesions against which chloramphenicol is ineffective, but the extent of ' rescue ' will be more than that seen in anoxically y-irradiated thymine bacteria in which the fraction of lethal type-N damage is further decreased. In the same way it can be argued that resoration of aerobically y-irradiated bacteria will be even less, but that the 5-BU bacteria will be restored to a greater extent than the thymine bacteria. The data shown in Table 3 bear out these predictions.
It is interesting that the U.V. irradiated 5-BU bacteria can be restored to such a marked degree by treatment with chloramphenicol, because reports by other authors have indicated that photo-reactivation of bacteria or bacteriophage which contain 5-BU or 5-bromodeoxyuridine (5-BUDR) is prevented or markedly decreased (Greer, 1960;  Lorkiewitz & Szybalski, 1960; Stahl et al. 1961) . Host cell reactivation of phage T 1 which contained 5-BUDR is also much diminished (Sauerbier, 1961 ;  Howard-Flanders, Boyce & Theriot, 1962). Shugar (1965) suggested that reactivation of 5-BU-containing micro-organisms might be relatively ineffective because repair enzymes (Setlow & Carrier, 1964; Boyce & Howard-Flanders, 1964) which appear to mediate the removal of thymine dimers induced in the DNA by U.V. radiation probably are unable to split the dimer formed between thymine and 5-BU. The present data suggest that restoration by chloramphenicol may not involve repair enzymes.
So far no completely satisfactory explanation has been put forward to account for the radiation sensitization by halogenated pyrimidines incorporated in cells. It has been suggested that the presence of 5-BU in DNA may prevent endogenous recovery processes from operating after irradiation, thereby producing an apparent sensitizing effect. Evidence for this in bacteria and bacteriophages was reviewed by Howard-Flanders (1961) ; recent work by Lett, Parkins, Alexander & Ormerod (1964) led these authors to conclude that 5-BUDR may interfere with recovery processes in mammalian cells. The present findings indicate that a t least in Escherichia coli B, although spontaneous recovery mechanisms may be blocked by 5-BU, nevertheless restoration can be induced to take place under conditions which temporarily inhibit protein synthesis after irradiation. I thank Miss Tikvah Alper and Professor D. R. Newth for their advice and help during the preparation of this paper. I am most grateful to Dr M. Pike for his advice on the statistical handling of some of the data and to Miss Barbara Porter and Mr M. Khan for skilful and enthusiastic technical assistance.
